Previously we have documented the appearance of largediameter collagen fibrils around mature decidual cells between day 5 and day 7 of pregnancy. Proteoglycans are important in the regulation of collagen fibrillogenesis, and the present study analysed four members (decorin, biglycan, lumican and fibromodulin) of the family of small leucine-rich proteoglycans (SLRPs) in the uterus from day 1 to day 7 of pregnancy. Decorin was present together with lesser amounts of lumican in the stroma before the onset of decidualization, whereas biglycan and fibromodulin were almost absent. Biglycan and, less significantly, lumican were expressed in decidualized regions of the endometrium, but decorin was absent. Fibromodulin was weakly expressed in the non-decidualized stroma, but only after implantation. Decorin and lumican were strongly expressed in the undifferentiated interimplantation site stroma, whereas biglycan and fibromodulin were expressed only weakly. These results indicate that the SLRP profile of the uterine ECM alters with differentiation of endometrial stromal cells. The large decidual collagen fibrils are thought to arise by lateral association of smaller diameter fibrils. As decorin has been shown to inhibit lateral association of collagen fibrils, its disappearance between day 2 and day 5 of pregnancy may be a prerequisite for the formation of large fibrils in decidua in mice.
Introduction
Decorin, biglycan, fibromodulin and lumican are members of a family of small leucine-rich proteoglycans (SLRPs) of the extracellular matrix (ECM) (Hocking et al., 1998; Iozzo, 1999) . They share structural similarities; of the three main structural domains, the N-terminal domains are least similar, though all members contain four conserved cysteine residues. This domain is frequently substituted with chondroitin or dermatan sulphate chains, as in decorin (Krusius and Ruoslahti, 1986) and biglycan (Fisher et al., 1989) , or with keratan sulphate in fibromodulin (Antonsson et al., 1991) and lumican (Scott, 1996) . The most pronounced sequence similarity is in the central domains, which constitute 60-80% of the total amino acid residues including ten repeats of a leucine-and asparagine-rich motif (Antonsson et al., 1991; Blochberger et al., 1992; Dunlevy et al., 1998) . The C-terminal domains contain two cysteine residues that form an intrachain disulphide bond. *Correspondence Email: temtzorn@usp.br The interaction of proteoglycans with collagen fibrils is important in the assembly and maintenance of the ECM during growth and development (Iozzo, 1997; Hocking et al., 1998) . There are indications that decorin, fibromodulin and lumican bind to fibrillar collagens, leading to delayed fibril formation and the formation of thinner fibrils (Vogel et al., 1984; Vogel and Trotter, 1987; Hedbom and Heinegard, 1989; Rada et al., 1993; Ezura et al., 2000) . A horseshoe-shaped conformation lends itself to binding to specific sites on the fibril (Scott, 1996; Iozzo, 1999) . Gene ablation experiments have demonstrated that mice lacking these SLRPs have abnormalities of collagen fibrillogenesis leading to fragile skin, corneal opacity, osteoporosis or osteoarthritis (Danielson et al., 1997; Chakravarti et al., 1998; Xu et al., 1998; Svensson et al., 1999; Ameye et al., 2002) . There is evidence that both decorin and biglycan are involved in the binding of transforming growth factor ␤ (TGF-␤) and modulation of its activity, and this may account for aspects of the respective null phenotypes (Hausser et al., 1994; Lysiak et al., 1995; De Luca et al., 1996; Kolb et al., 2001; Schaefer et al., 2002) . In addition, decorin is capable of directly suppressing cell proliferation (Santra et al., 1997; Mosacatello et al., 1998) . The endometrial stroma undergoes a remarkable reorganization during early pregnancy in mice. Proliferation, rearrangement, enlargement and secretory differentiation of fibroblasts are accompanied by recruitment of specific immune cell populations and alterations in the shape of the uterine lumen (De Feo, 1967; Finn and McLaren, 1967; Reinius, 1967; Zorn et al., 1986; Bijovsky et al., 1992; Abrahamsohn and Zorn, 1993; Tenório and Zorn, 1998; Abrahamsohn, 2002; Tong and Pollard, 2002) . These changes require exposure to a defined hormonal regimen, followed by a triggering stimulus normally provided by the implanting embryo (Finn, 1977; Parr and Parr, 1989; Abrahamsohn and Zorn, 1993) .
Decidualization in rodents and humans also requires remodelling of stromal ECM with degradation and de novo synthesis of collagens, and alterations to noncollagenous components (Zorn et al., 1986; Aplin et al., 1988; Alberto-Rincon et al., 1989; Aplin and Jones, 1989; Mulholland et al., 1992; Mylona et al., 1995; Oliveira et al., 1995; Church et al., 1996; Aplin, 2002) . The increase in mean collagen fibril diameter is particularly notable in the endometrium in pregnant mice (Zorn et al., 1986) . Very thick collagen fibrils appear in decidualized regions, but are absent from the nondecidualized stroma as well as from interimplantation site regions (Alberto-Rincon et al., 1989) . Ultrastructural cytochemical observations reveal differences in the arrangement and distribution of proteoglycans between different regions of the endometrium in pregnant mice (Greca et al., 1998) . Moreover, thick collagen fibrils are associated with proteoglycans containing chondroitin sulphate and dermatan sulphate chains. The possibility that SLRPs could be associated with the thick collagen fibrils (Greca et al., 2000) stimulated the present investigation of the distribution of four different SLRP family members during the first week of pregnancy in the uterus in mice.
Materials and Methods

Tissue collection
Swiss female mice aged 2-3 months were housed in a 12 h light :12 h dark schedule at 22
• C, with food and water available at all times. The mice were mated and were examined for copulation plugs each morning. The day on which a vaginal plug was observed was considered as day 1 of pregnancy. At least three pregnant animals each on days 1, 2, 3, 4, 5, 6 and 7 were anaesthetized with an i.p. injection of avertin (0.025 ml g −1 body weight), then killed by cervical dislocation, and both uterine horns were excised and dissected free of fat. Animals on day 5 of pregnancy were injected with 0.15 ml of a solution of 0.25% (w/v) Evans blue through a tail vein, 20 min before killing, in order to detect the implantation sites (Psychoyos, 1960; Finn and McLaren, 1967) . National principles of laboratory animal care were followed and the experiments were approved by the Institute of Biomedical Sciences Animal Ethics Committee (authorization number 107/2000).
Immunoperoxidase staining
Implantation sites were fixed for 3 h in methacarn (absolute methanol, chloroform, glacial acetic acid; 6 : 3 : 1), rinsed with absolute ethanol and embedded in Paraplast (Oxford, St Louis, MO) at 60
• C. Sections (5 m thick) were cut and adhered to glass slides using 0.1% poly-L-lysine (Sigma, St Louis, MO) and then dried at room temperature (25
• C). Each of the succeeding steps was followed by a thorough rinse with PBS.
Sections were treated with 3% (v/v) H 2 O 2 in PBS for 30 min to block endogenous peroxidase activity. All steps were performed in a humid chamber and care was taken to avoid drying out of sections. Sections were incubated for 1 h at 37
• C in 20 mmol Tris-HCl l −1 (pH 6.0) containing 0.2 U chondroitinase ABC ml −1 (Seikagaku Corp., Tokyo) before the immunoreaction for decorin and biglycan. Non-specific staining was blocked by incubating the sections for 30 min with normal goat serum diluted 1 : 1 in PBS-10% (v/v) BSA.
Rabbit polyclonal antibodies raised against murine decorin (LF-113), biglycan (LF-106) (Fisher et al., 1995) , fibromodulin and lumican (Svensson et al., 1999) were diluted 1 : 2000, 1 : 1000, 1 : 400 and 1 : 800 respectively, in PBS-0.3% (v/v) Tween 20, and incubated overnight at 4
• C. The sections were washed thoroughly with PBS followed by incubation with biotin-conjugated goat antirabbit IgG (Vector Labs, Burlingame, CA; 1 : 1000 in PBS, 1 h at room temperature). After rinsing three times in PBS, sections were incubated in streptavidin-peroxidase complex (Vector) for 1 h at room temperature.
Peroxidase was visualized using 0.03% (w/v) 3,3'-diaminobenzidine in PBS with 0.03% (v/v) H 2 O 2 . The sections were counterstained with Mayer's haematoxylin.
The specificity of immunolabelling was tested by omitting the primary antibody or the use of other primary rabbit sera. Sections of trachea were used as positive controls. A Nikon Eclipse E600 microscope was used for examining sections. Images were captured using a digital camera (COOL SNAP-PROcf color) and Image Pro Plus software (Media Cybernetics, Silver Spring, MD).
Results
Decorin: preimplantation period
Decorin was present in the myometrium from day 1 to day 4 of pregnancy ( Fig. 1a-d ) as well as in the basement membranes of blood vessels, particularly those situated in the connective tissue of the myometrium and mesometrium (Fig. 1a) . A weak reaction was observed surrounding uterine glands particularly during days 1 and 2 of pregnancy (Fig. 1a,b) . However, staining with decorin in the endometrial stroma changed according to the day of pregnancy. On day 1, most of the endometrial stroma was immunoreactive except for a small subepithelial area (Fig. 1a) . On day 2, decorin almost disappeared from the superficial stroma and became restricted to the deep stroma (Fig. 1b) . A similar distribution was maintained on day 3 (Fig. 1c) . However, on day 4 of pregnancy, decorin was present again in the superficial stroma as observed on day 1 (Fig. 1d) .
Decorin: postimplantation period
On day 5 of pregnancy, decorin was clearly diminished in the area occupied by the decidualized cells surrounding the implantation crypt, but in other regions of the uterus the distribution was similar to that of previous days (Fig. 1e) . Decorin was associated with scattered thin intercellular fibrils in the region of predecidual cells (Fig. 1f ) and was observed as a network of thin fibrils surrounding endometrial fibroblasts, glands and blood vessels in the nondecidualized basal stroma near the myometrial junction (Fig. 1e) .
On days 6 and 7, the immunoreaction for decorin almost disappeared from both mature and predecidual regions. On these days, only rare positive fibrils were observed between cells at the end of the implantation crypt (Fig. 1g) . In the deep stroma, the reaction was also clearly diminished when compared with day 5 and was restricted to a narrow region close to the myometrium. However, in the myometrium and mesometrium, the reaction was similar to the previous days. In contrast to the implantation sites, the reaction for decorin was very strong in the interimplantation sites where decorin was broadly distributed throughout the endometrial stroma. A strong reaction was also present in the myometrium (Fig. 1h) .
Biglycan: preimplantation period
Immunoreaction for biglycan was not detected in the endometrial stroma during days 1 (Fig. 2a) , 2 and 3 of pregnancy (not shown). During these days, a weak reaction for biglycan was restricted to areas surrounding small blood vessels of the myometrium. On day 4, however, a weak reaction was detectable in the ECM of the deep stroma, particularly surrounding uterine glands, as well as in the myometrium (Fig. 2b) .
Biglycan: postimplantation period
Biglycan was present throughout the endometrial stroma during the postimplantation period (Fig. 2c,d ). High magnification initially revealed that, unlike decorin, the immunoreaction for biglycan was predominantly concentrated in the cytoplasm of both decidualized and non-decidualized cells. Biglycan was also present in the cytoplasm of epithelial cells of the uterine lumen (Fig. 2c) and glands (Fig. 2d) . By day 6, however, although some reactivity was maintained inside the cells, biglycan was mostly observed as a fibrillar arrangement in the extracellular matrix, particularly in the region of predecidual cells (Fig. 2e,f) . On day 7 the area of immunoreactivity was enlarged and seen mainly as fibrils between mature decidual cells (Fig. 2g) . On this day, biglycan was weakly expressed in the deep stroma as well as around blood vessels of the mesometrial portion of the uterus. On both days 6 and 7, biglycan was present as a network of thin fibrils surrounding blood vessels at the periphery of the endometrium and in the connective tissues surrounding the muscular layers of the myometrium.
Biglycan was present in the interimplantation sites only at the periphery of the endometrial stroma and the pattern of reaction was very similar to that observed on day 4 of pregnancy. A weak reaction was also present in the myometrium (Fig. 2h) .
Lumican: preimplantation period
On days 1, 2 (not shown) and 3 of pregnancy, lumican was weakly expressed in the subepithelial stroma, whereas a stronger immunoreaction was present in the deep stroma (Fig. 3a,b) . On day 4 of pregnancy, lumican expression increased in the subepithelial stroma (Fig. 3c) . Lumican was present in the connective tissue of the myometrium throughout preimplantation.
Lumican: postimplantation period
On days 5 (Fig. 3d,e) , 6 and 7 of pregnancy (not shown), weak reaction for lumican was seen in both mature decidua and the predecidual region, whereas a strong reaction was observed in the non-decidualized region of the endometrium. During these days, lumican continued to be strongly detected in the connective tissue of the myometrium. In the interimplantation sites lumican was ubiquitously distributed (Fig. 3f) .
Fibromodulin: preimplantation period A reaction for fibromodulin was not detected in uterine tissues during the preimplantation period from day 1 (Fig. 4a ) to day 4 (not shown). In contrast, a very strong immunoreaction was observed in the perichondrium of a tracheal cartilage used as positive control (Fig. 4f) .
Fibromodulin: periimplantation period
From day 5 to day 7, fibromodulin was absent in mature and predecidual regions, and was expressed weakly in the cytoplasm of fibroblasts of the deep endometrial stroma (Fig. 4b-d) . Fibromodulin was observed surrounding blood vessels and also in the connective tissue and muscle cells of the myometrium, particularly in the antimesometrial region of the uterus. A reaction was not found in interimplantation site tissue (Fig. 4e) .
Discussion
The results of the present study demonstrate complex spatiotemporal alterations of four SLRPs in the uterus during pregnancy in mice. Decorin and lumican are strongly expressed in the endometrium during the preimplantation period, whereas biglycan is weakly expressed and fibromodulin absent during the same period. At this time the stroma is undifferentiated. The loss of decorin from endometrial stroma precedes decidual differentiation. Lumican shows a similar pattern of alteration, with a lower abundance in decidua than in undifferentiated stroma. Biglycan appears initially during this period in the cytoplasm of stromal cells, and by day 6 has been secreted and integrated into ECM in decidualized areas. Thus, after implantation, only biglycan and lumican are present in the region of fully decidualized cells in which thick collagen fibrils accumulate. The consistent presence of decorin and lumican in interimplantation site stroma and in deeper areas of undifferentiated stroma beneath implantation sites confirms that the changes observed are locally stimulated. A distinctive response to pregnancy is observed in the myometrium, with decorin and lumican expressed throughout the period from day 1 to day 7, whereas biglycan and fibromodulin appear only after implantation.
Loss of decorin, reduction in lumican and the appearance of biglycan all correlate with the loss of thin collagen fibrils and the appearance of thick fibrils in decidua (Zorn et al., 1986; Alberto-Rincon et al., 1989) . Decidualization of the endometrium affects the regional organization of proteoglycans: ultrastructural cytochemical studies have demonstrated that the thick collagen fibrils present between decidual cells are associated with chondroitin sulphate and dermatan sulphate proteoglycans (Greca et al., 1998 (Greca et al., , 2000 . The changing repertoire of SLRPs is likely to have a functional significance that is related to ECM remodelling. Collagen fibrillogenesis is a complex process involving lateral and axial growth, control of fibril diameter and interfibrillar spacing. Secretion of various types of collagen, enzymatic processing of the propeptides and association with glycosaminoglycans and proteoglycans are factors that are important in fibril assembly (Trelstad and Silver, 1981; Birk et al. 1990 ). Decorin (Vogel et al., 1984) , fibromodulin (Hedbom and Heinegard, 1989) and lumican (Rada et al., 1993) have all been shown to bind to fibrillar collagens in vitro, leading to delayed fibril development and formation of thinner fibrils (Vogel and Trotter, 1987) . This action is most likely caused by the binding of the SLRPs to the surface of axially growing fibrils (Kadler et al., 1996) , inhibiting the incorporation of additional triple helical collagen monomers. Other studies, however, have indicated that the association of decorin with collagen produces thick collagen fibrils (Uldbjerg and Danielsen, 1988) . These contradictory data probably arise from the use of different experimental approaches by the various authors (Comper and Veis, 1977; Williams et al., 1978) , but indicate the need to establish the mechanisms of fibril deposition and ECM remodelling in the uterus.
Biglycan may also affect fibrillogenesis of collagen. Studies by Schonherr et al. (1995) provide evidence for an interaction between biglycan and collagen I in vitro. Both decorin and biglycan decorate collagen II fibrils in human cartilage (Miosge et al., 1994) . The loss of decorin from regions in which thick collagen fibrils are developing (biglycan is expressed in the same regions) indicates that decorin may specifically inhibit fibril association, and that its disappearance may be a prerequisite for the formation of large fibrils in decidua. This finding is consistent with the expression of decorin but not biglycan in the interimplantation sites, where only thin collagen fibrils are present. Ultrastructural immunocytochemical studies are ongoing to investigate a possible interaction between biglycan and thick collagen fibrils in the endometrium in mice. Decorin-, fibromodulin-, lumican-and biglycan-null mice are all fertile, but more detailed characterization of their respective reproductive phenotypes is required, together with studies of the effects of SLRP gene ablation on fibril morphology.
As decorin has anti-proliferative activity, its loss at a time when stromal cells are passing through a round of DNA synthesis in preparation for decidualization (Tong and Pollard, 2002 ) is of likely functional significance. Whether decorin-bound TGF-␤ is released from sites in the ECM during this process of remodelling remains to be established. The principle that alterations to uterine ECM are required before decidual differentiation is already established, for example, by the demonstration that collagen VI is lost from stromal tissue before the onset of expression of decidual markers such as desmin (Mulholland et al., 1992; Dziadek et al., 1995; Mylona et al., 1995) .
The mechanism of loss of decorin and lumican before decidualization requires elucidation. An inflammatory cell infiltrate appears in the endometrium at day 1 after mating, most notably in the subepithelial stroma (Brandon 1993 (Brandon , 1995 McMaster et al., 1993; Pollard et al., 1998; Robertson et al., 2000) , partly as a result of stimulation by TGF-␤ in seminal plasma (Robertson et al., 1998; Tremellen et al., 1998) . The predominant cells are macrophages, neutrophils and eosinophils, which are all capable of producing a repertoire of secretory enzymes (including matrix metalloproteinases) that degrade components of the ECM. Mast cells are also present. The spatiotemporal course of the disapprearance of decorin and lumican, beginning at day 1 with their clearance from the subepithelial stroma, is consistent with the possibility of breakdown by products of inflammatory cells accumulating in this area. It has been shown that administration of oestrogen to castrated mice stimulates deposition of decorin in the endometrial stroma (T. M. T. Zorn and S. San Martin, unpublished). The slight increase of decorin observed in the superficial stroma on day 4 of pregnancy in the present study may result from the peak of nidatory oestrogen on this day.
In summary, the present study has established that remodelling of ECM during decidualization includes alterations in the expression and distribution of four members of the SLRP family. Close correlations with changes in collagen fibril morphology indicate a functional association between these proteoglycans and collagen deposition. In addition, it is likely that decidual proteoglycans influence cell growth and differentiation in the pregnant uterus directly and by modulating local growth factor availability.
